INTRODUCTION
In the previous paper of this series (Ohnishi, 1997a ), the senior author described four new speceis (Fagopyrum pleioramosum, F. capillatum, F. callianthum and F. homotropicum) and one new subspecies (F. esculentum ssp. ancestralis) of the genus Fagopyrum, and gave their distribution in China and the Himalayan hills. During the genetic study of these new and previously described species using isozymes and chloroplast DNA (cpDNA), we found difficulties in the traditional taxonomic arrangement of the Fagopyrum species, in three respects; (1) the taxonomic position of F. tataricum Gaertn. (cultivated tatary buckwheat) which has been distinguished from all the other Fagopyrum species by kernel morphology (see Steward, 1930) . However, morphologically F. tataricum appears to be closely related to both F. esculentum Moench (cultivated common buckwheat) and F. cymosum Meisn.
(2) the phylogenetic relationships among the three species, F. esculentum, F. tatricum, and F. cymosum. It has been thought that F. cymosum is more closely related to F. esculentum than to F. tataricum, but the recent analysis of cpDNA by Kishima et al. (1995) showed that F. tataricum and F. cymosum are very closely related. Isozyme analysis on these three species (Ohnishi, 1983) supports this view. (3) the taxonomic position of F. gracilipes Dommer.
Many of the newly found species are morphologically similar to F gracilipes (Ohnishi, 1997a) which is considered to be closely related to F. esculentum (Steward, 1930) . Thus many species should be closely related to cultivated common buckwheat, F. esculentum, but in fact this is probably not the case.
Furthermore, the key characters used for the genus Fagopyrum (e.g. Munshi and Javeid, 1986) are apparently no longer valid; such criteria as laterally long thick cotyledons, and excerted achenes, not covered with persistent perianths are not applicable for many of the Fagopyrum species. If we retain these key characters, then only four species, F. esculentum, F. tataricum, F. cymosum and the newly found F. homotropicum remain in the genus Fagopyrum.
Recently, Ye and Guao (1992) classified buckwheat species. They took annual vs. perennial, shruby vs. herbaceous and heterostylous outbreeding vs. homostylous self-pollinating as the key characters to divide the species. We believe that their classificaion is convenient for the practical division of the species in Fagopyrum, but it probably does not reflect the true phylogenetic relationships.
In the present study, we attempt to classify Fagopyrum species based on morphology, isozymes and cpDNA variability. Three independently constructed phylogentic trees showed fairly good agreement and we had sufficient confidence in them to assert that they probably reflect the phylogenetic relationships among the Fagopyrum species.
MATERIALS AND METHODS
Plant materials used for morphological analyses were grown in the green house, starting from seed samples collected by the senior author during his expeditions to China in 1988 -1992. Identification of species was done by comparing our samples to the herbaria of Gray Herbarium, Harvard University (GH) and United States Herbarium of Smithsonian Institute (US). Those herbaria identified by Steward (1930) were primarily used. The details of herbaria used were described in Ohnishi (1997a) .
Morphological variability was checked or measured for 5 -10 plants in two pots for each population in 1992 and in 1993. The populations used for each species are shown in Table 1 . All the Fagopyrum species described in Steward (1930) , except F. gilesii Hemsl., F. statice (Levl.) Gross and F. suffruticosum Schmidt were included in this analysis, as well as the four newly discovered Fagopyrum species and one subspecies mentioned in Ohnishi (1997a) . To classify Fagopyrum species based on morphological variability, we mainly took into account the cotyledons, achenes and ochreae and pubescence on the ochreae and stems.
Since F. urophyllum (Bur. et Franch.) Gross shows remarkable morphological differences between the samples from eastern Yunnan and from western Yunnan, two samples, one from Kunming (eastern Yunnan), and the other from Dali (western Yunnan) were used for cpDNA analyses. F. lineare Sam. was included in morphological and isozyme studies, but because of shortage of biomass, it was not included in cpDNA analyses. For other species, only one poulation was used for each species in cpDNA analysis as shown in Table 1 . Polygonum thunbergii Sieb. et Zucc. (a common weed in Japan) was used as an outgroup sample.
As for F. suffruticosum, it has been believed to be distributed in Sakhalin, and to be very closely related to F. tataricum. However, no one has confirmed its existence in Sakhalin. F. gilesii was originally classified to Cephalophilon (now included in Persicaria) by Hooker (1886) , and is distribted in southern China to the northwestern Himalayas, but we have never seen it. F. statice is distributed in the central parts of Yunnan province in China (Wu et al., 1986 ; you can see a sketch of this plant as well as that of F. gilesii in Ye and Guo, 1992 ; the senior author has recently found it in Yunnan province), but we could not include it in the present study.
For the electrophoretic analyses of isozymes, the method for F. esculentum described in Ohnishi and Nishimoto (1988) was applied to the other Fagopyrum species. Minor procedural modifications were necessary for some species, mostly in the choice of the extraction buffer, either Tris-HCl buffer (pH 8.0), or a buffer containing 1% mercaptoethanol. We examined 12 enzymes encoded by 19 loci.
The results of the allozyme survey have been already reported for F. esculentum (see for examples Ohnishi, 1985 Ohnishi, , 1988 Ohnishi, , 1993 
Wenchuan ( Kunming
* Y, S and T stand for Yunnan province, Sichuan province and Tibet (all in China), respectively. (Ohnishi, unpublished) . For the remaining species, one or two populations were investigated (see Table 1 ) and only ten individuals were assayed for each population. Based on these ten samples, the gene frequencies were estimated as usual. Based on the gene frequency data, the genetic distances (Nei, 1972) between species were calculated and a phylogentic tree was constructed by the UPG method (Sneath and Sokal, 1973) . Intraspecific variability was completely ignored in this analysis. For the cpDNA analysis, intact chloroplast was extracted by the same method as Ogihara and Tsunewaki (1982) from ca. 100g foliage leaves of one to several individuals for each population studied, and DNA was purified by the method of Kolodner and Tewari (1975) . Chloroplast DNA was digested by six endonucleases, KpnI, PstI, PvuII, SalI, SmaI and XhoI, then electrophoretically separated in 0.7% agarose gels at 20V for 40 h. Resulting band patterns were detected by staining with ethidiumbromide and the band patterns were photographed under UV irradiation. For F. esculentum, F. tataricum and F. cymosum, the band patterns were exactly those expected from the physical maps obtained by Kishima et al. (1995) . The base substitution rate was estimated for each pair of species according to Nei (1987) , and a phylogenetic tree was constructed from the substitution rate matrix by both the UPG method (Sneath and Sokal, 1973) and by the neighbours joining (NJ) method (Saitou and Nei, 1987) .
RESULTS

Morphological classification.
By adopting Nakai's criteria on the characteristics of the genus Fagopyrum (1926), and primarily taking the characters of the embryo, the cotyledons and the achenes, and also considering the perianths, the pubescence of the ochreae and the stems, we arrived at a new classification of Fagopyrum. This classification is slightly differnt from those of Steward (1930) , Hedberg (1946) , and Ye and Guao (1992) .
The most significant difference between the present classification and that of Steward (1930) is the position of F. tataricum and F. gracilipes. Steward (1930) first separated F. tataricum from the other species based on kernel morphology. If we ignor the kernel morphology, then F. tataricum and F. cymosum are morphologically similar in many aspects.
The key characters for the new morphological classification of Fagopyrum are shown in Appendix.
Candidates of wild ancestors of cultivated buckwheat, F. esculentum ssp. ancestralis Ohnishi and F. tataricum ssp. potanini Batalin (see Ohnishi, 1991 Ohnishi, , 1997b were classified as subspecies of two cultivated species, respectively, because they are different only in dormancy and shattering habit which are the key characters distinguishing cultivated species from its wild relatives.
A phylogenetic tree can be drawn by cladistic separations of species by key characters mentioned in Appendix, and it is shown in Fig. 1 . The new species, F. pleioramosum Ohnishi, F. callianthum Ohnishi, and F. capillatum Ohnishi, are all closely related to F. gracilipes. F. gracilipes is a tetraploid and a completely self-fertilizing species (Ohnishi, 1989) ; however, its relatives are diploid and some (F. pleioramosum and F. callianthum) are predominantly self-fertilizing. F. capillatum is a definitely heterostylous cross-pollinating species as are many other species in Fagopyrum.
The taxonomic positions of F. statice and F. gilesii which are not included in this analysis will be discussed later.
Classification based on isozyme variability. The genetic distance between the species, based on allozyme variability is shown in Table 2 . The genetic distance between populations within species has been estimated for some species, but variability within species was ignored in this analysis, hence the genetic distance within species is omitted from Table 2 . Based on the genetic distances, a Fig. 1 . A phylogenetic tree for Fagopyrum species based on morphological cladistics (see Appendix) phylogenetic tree was constructed by the UPG method (Sneath and Sokal, 1973) , and it is given in Fig. 2 . Apparently Fagopyrum species can be divided into two groups; one includes F. esculentum, F. homotropicum, F. tataricum, and F. cymosum (the cymosum group), the other includes all the remaining species (the urophyllum group). F. urophyllum and F. leptopodum formally belong to the second group; however, we note that they are morphologically intermediate between the two groups. The three newly found species and F. gracilipes are very closely related as we expected from morphological investigation. We found that it is difficult to separate the F. tataricum -F. cymosum clade from the F. esculentum -F. homotropicum clade on the basis of morphology, but using isozymes they are clearly resolved as shown in Fig. 2 .
Classification based on RFLP of cpDNA. The molecular size of the total chloroplast genome in Fagopyrum is approximately 155 kbp in all the species examined. This is similar to the findings of Kishima et al. (1995) .
The number of base pair substitutions/site (d) was estimated from the banding patterns for each pair of species, and it is given in Table 3 . From these figures, a phylogenetic tree for Fagopyrum species was obtained by the UPG (Fig. 3) and NJ methods (Fig. 4) . The two methods gave almost the same results, which are quite similar to that obtained from isozyme data (Fig. 2) , however, they differ in the position of F. leptopodum with respect to F. gracilipes and the three newly discovered species. F. leptopodum is so closely related to F. gracilipes by cpDNA analysis that the difference between them is smaller than the differences observed within F. esculentum and F. urophyllum. Two F. urophyllum samples, one from Dali (western Yunnan) and one from Kunming (eastern Yunnan), show the remarkable differences in cpDNA; they also differ in morphology and in fertility in nature. 
DISCUSSION
Fagopyrum is often included in Polygonum (sensu latus) as in Steward (1930) ; however, many taxonomists consider that Fagopyrum should be separated from Polygonum for various reasons; including general morphology (Nakai, 1926) , pollen morphology (Hedberg, 1946; Doida, 1962a, b) , and chromosome number (Doida, 1962a, b; Munshi and Javeid, 1986 ; x = 8 for Fagopyrum, x = 10, 11, 12 for other Polygonum).
What then is the key character for the genus Fagopyrum? Apparently, the criteria for Fagopyrum given by Graham and Wood (1965) and by Munshi and Javeid (1986) are incomplete. They considered only the cymosum group of our new classification; it may be sufficient if we know only the buckwheat species of the F. cymosum group as European taxonomists in 19th and early 20th centuries. We prefer Nakai's opinion on this account (1926) and take as the key character that thick plaited cotyledons are accumbently embedded in the center of the endosperm. By doing this, we unambiguously include all the Fagopyrum species and exclude species of Polygnum (sensu stricto), Tiniaria and other closely related genera.
As for F. gilesii, Hooker (1886) originally put it into Cephalophylon (now usually included in Persicaria) and some taxonomists included it in Fagopyrum (Gross, 1913; Steward, 1930) . Unfortunately, we could not include this species in our samples, hence we could not decide its taxonomic position. We believe that we will be able to examine this species and give a taxonomic position in the near future.
When we compare our classification and Steward's (1930) , we find that they are not so very different; in the classification of Steward (1930, pp. 113 -114) , if we put F. tataricum next to F. cymosum by virtue of kernel morphology and ignore Steward's key character (a) "surfaces of the achenes grooved", then we have a classification almost the same as ours.
Recently Hirose et al. (1994) commented on the phylogenetic relationships among Fagopyrum species using interspecific crossability (actually they measured pollen tube growth in styles and used this as an index of crossability). Their data are clearly consistent with our classification.
Both of the phylogentic trees obtained from the isozyme and cpDNA variability show that F. cymosum and F. tataricum are much more closely related than are F. esculentum and F. cymosum. This was first noticed by Kishima et al. (1995) . However, we had some difficulty finding the morphological characters similar betwen F. cymosum and F. tataricum, but different between F. cymosum and F. esculentum. More careful comparisons between F. esculetum ssp. ancestralis, F. cymosum (2x form) and F. tataricum ssp. potanini should be done in future analyses. Recently, more data have accumulated relevant to this issue (Yasui and Ohnishi, 1995) ; by comparing the DNA sequence of the rubisco large subunit (rbcL) gene in the cpDNA, the close relationship between F. tataricum and F. cymosum has been confirmed.
Discrepancy between classification by numerical analyses of isozyme or DNA polymorphism data and classification by orthodox morphological key characters is still a subject of controversy (see for example Buth, 1984; Wiley, 1981) . However, if we get the same results by both methods, then those classifictions deserve considerable confidence. Our classification resolved discrepancies and problems mentioned before. Two major groups are recognized; one (the cymosum group) includes F. esculentum, F. tataricum and F. cymosum and their close relative F. homotropicum. The other group (the urophyllum group) includes those Fagopyrum species with small achenes, and all the species that are remotely related to cultivated species. F. cymosum from the first group and F. urophyllum from the second group are both typical heterostylous outbreeding shrubby perennial species, and may be the primitive types for each group. In this regard, F. statice which unfortunately was not included in this project is of some interest. It is a small perennial species and it is a heterostylous outbreeder (see a sketch in Ye and Guo, 1992) . Steward (1930) classified it as a close relative of F. leptopodum. We speculate that its taxonomic position is intermediate between the F. cymosum and F. urophyllum groups and close to F. leptopodum and F. lineare.
Cultivated common buckwheat is a heterostylous selfincompatible species, as is well known, and so are many wild species in the genus Fagopyrum. However, several cultivated and wild species are homostylous self-fertilizing species; F. tataricum, F. homotropicum and F. gracilipes are examples. F. pleioramosum and F. callianthum are heterostylous, yet they are self-fertilizing. Judging from the phylogenetic relationships we obtained, the breakdown of heterostylous self-incompatibilty occurred relatively recently. This is because no large group of species is entirely self-fertilizing. For every self-fertilizing species, there is a heterostylous species closely related to it.
Another significant event in the evolution of Fagopyrum is polyploidization. This is a very commmon phenomenon in the plant kingdom (see de Wet, 1979) . In Fagopyrum, it occurred in F. gracilipes (4x), and in F. cymosum (both 2x and 4x exist). Again, there is no large group of species that is entirely tetraploid. No critical experiments have been done to study the possibility of autotetraploidy in F. cymosum and F. gracilipes, but the segregation of variant alleles at isozyme loci fits the idea that both are autotetraploids (Ohnishi, unpublished) .
Based on the classification of Fagopyrum species including the wild forms of the cultivated species F. esculentum and F. tataricum, we can infer the ancestors of cultivated buckwheat, common buckwheat and tatary buckwheat.
